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While chemical isomers typically have distinct properties, differentiating between them is 
often an analytical challenge, especially for mass spectrometric methods. Infrared multiple 
photon dissociation (IRMPD) spectroscopy and ion mobility spectrometry (IMS) can be useful in 
analysis of such isomeric compounds; however, experimental results alone do not directly 
provide in-depth structural information. In this thesis, computational chemistry is first used to 
explain experimental results and understand the conformational preference of the gas phase ions 
formed from the lithiation of cis-3, cis-4 and trans-4 hydroxyproline isomers and then used in a 
predictive manner to evaluate IRMPD spectroscopy and IMS as potential paths forward for the 
characterization of isomeric dye species. Finally, theoretical methods are used to begin to 
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Mass spectrometry is a powerful chemical analysis tool and has been used increasingly in 
many different subfields of the biological and chemical sciences.1, 2 The major advantages 
include requirement of small quantity of sample and short analysis time. Mass spectrometry 
measures mass-to-charge ratio of ions. Therefore, using only single-stage mass spectrometry (in 
cases where fragmentation does not occur during the ionization step) neither structural 
elucidation of molecules nor differentiation of isomeric species can be obtained.  
Tandem mass spectrometry (a technique to break down selected ions into fragments) is 
an approach toward structural characterization and isomer differentiation. Various ion activation 
and dissociation techniques, including electron capture dissociation (ECD),3 electron transfer 
dissociation (ETD),4 and collision induced dissociation (CID)5 within the mass spectrometry 
have been shown to be useful. While each of  these various dissociation methods offer their own 
strengths, it is sometimes impossible to differentiate closely related isomers by tandem mass 
spectrometry, specifically if  they generate the same fragmentation pathways.6, 7   
Therefore, it is sometimes beneficial if we can use additional methods where the 
structural properties of the analyte ions are more directly probed. Infrared multiple photon 
dissociation (IRMPD) spectroscopy and ion mobility spectrometry (IMS) are two such methods. 
In IRMPD spectroscopy,8 absorption of multiple photons leads to dissociation of one or more 
bonds within an analyte ion (More details will be discussed in the later Section 1.1.2). The 
 
2 
absorption of photons, and therefore the dissociation yield at a given wavenumber, depends on 
the molecular structures of the ion. So, structural differences in isomers can lead to absorption of 
IR photons at different wavenumbers (preferably unique to each isomer).  
In IMS, isomeric species are separated based on their mobilities through a drift tube, 
which depends on the collisional cross section of the gaseous ions.6, 9, 10  The differences in shape 
between isomeric species can be sufficient to provide drift time resolution by IMS. 
Alongside all of these mass spectrometry-based approaches to isomer differentiation, 
computational chemistry provides complementary information. Given the gas-phase nature of the 
methods, computational chemistry of isolated (e.g., gas-phase) ions is a useful model. For 
tandem mass spectrometry, computational chemistry can be used for determining the dissociation 
pathways and structure of fragment ions. For IRMPD, it has been employed to probe the 
structure of the gas phase ions as well as the dissociation pathways of the ions.11 For IMS, 
computational chemistry is used to predict the CCS and structure of the ions.6  
1.1 Instrumental analysis methods 
1.1.1 Mass spectrometer 
The basic components of a mass spectrometer are sample inlet, ionization source, mass 
analyzer, and the detector (see Figure 1.1).2 The sample is introduced through the sample inlet. 
Ions are then produced in the ionization source. This can be accomplished directly in the gas 
phase or the ions can be introduced into the gas-phase. Once gas-phase ions are generated, they 
are then introduced into the mass analyzer, where they can be differentiated according to their 
mass-to-charge ratio (m/z). The relative abundance of each ion at each m/z is recorded by the 
detector and the information is read into a data system, where the data can be analyzed and 
interpreted. The mass analyzer and the detectors are normally held under vacuum conditions 
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whereas depending on the ionization method, the ionization source may or may not be held under 
vacuum. As an example, electrospray ionization which is utilized in this study is an atmospheric 
pressure ionization source.  
 
Figure 1.1 Basic components of mass spectrometer  
 
1.1.1.2 Electrospray ionization 
Electrospray ionization (ESI)12, 13, 14 is a soft ionization method. It is useful in analyzing a 
wide range of analyte ions, including large, nonvolatile ions, so long as the species can be readily 
charged (e.g., those with fixed charges, acidic sites, basic sites, sites susceptible to metal 
adduction, etc.). The ESI process generally starts by injecting a dilute solution of analyte to the 
ESI source by a capillary or a needle at a low flow rate (1–20 μL/min).  As seen in Figure 1.2, 
high voltage (2–3 kV) is applied to a capillary tube with respect to the counter electrode (heated 
capillary). The applied voltage creates an electric field gradient in the solution phase, which 
causes to charge separation (positive or negative). The coulombic repulsion between like charges 
on the liquid surface lead to come out the meniscus from the capillary and deform into a cone, 
known as “Taylor cone”15. After formation of the Taylor cone, it starts to eject a fine jet of liquid 
from the cone towards the counter electrode. This charged jet can easily breaks down into 
smaller charged droplets.13, 16 
Solvent molecules from the emitted charged droplets are evaporated until the Rayleigh 
limit is reached (where the surface tension of the solution is equal to the coulombic repulsion of 
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the surface charge), at which point the highly charged droplets are broken down into smaller 
droplets through the coulomb fission process.17, 18, 19   
 
Figure 1.2 Electrospray ionization process: High voltage is applied to the spraying nozzle. 
The coulombic repulsion between like charges on the liquid surface lead to come 
out the meniscus from the capillary. This cause Taylor cone to be generated, from 
which charged droplets are ejected. The successive solvent evaporation and 
coulomb fission of these droplets eventually leads to the ejection of bare analyte 
ions.  
 
Gas phase ion formation mechanism from the small charged droplet is still under some 
debate. However, there are two prevailing mechanisms: the ion evaporation model (IEM)20 and 
the charged residue model (CRM).21, 22 The IEM states that the charged droplet shrink by 
evaporation until the surface electric field strength is sufficiently large to directly evaporate the 
bare ions from the surface of the droplet (Figure 1.3). In the CRM, it is assumed that the charged 
droplet will continue a series of solvent evaporation and coulomb fission until it forms a small 
charged droplet with only one analyte ion, which finally desolvates to form a bare ion.18 
Evidence suggests that the large macromolecules like proteins follow CRM23 whereas ion 





Figure 1.3 Illustration of the ion evaporation model (IEM) and the charged residue model 
(CRM) of bare ion formation from charged droplets 
 
1.1.1.3 Quadrupole ion trap 
In this section, the quadrupole ion trap,25 will be discussed, as it is the type of mass 
analyzer with which data presented herein were obtained. Specifically, the data presented in 
Chapter 2 was measured using a modified quadrupole ion trap mass spectrometer.26 Here, basic 
principles of quadrupole ion traps will be discussed.  
The three dimensional quadrupole ion trap (3D QIT) consists of three electrodes: a 
hyperbolic ring electrode and two identical hyperbolic end cap electrodes.27 Endcap electrodes 
contain holes to transmit the ions through ion trap, from the source and to the detector. QIT can 
function as an ion storage device to confine the gaseous ions for a particular period of time (e.g. 
during irradiation with photons) or as a mass spectrometer to eject mass selectively confined ions 
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to the detector to measure the m/z.27 For a given radio frequency, ions with a specific m/z will 
have stable trajectories while all the others are unstable. The stable ions can then be ejected from 
the trap to the detector by ramping the radio frequency.27 Since QITs can trap ions, select ions 
with certain m/z, activate the ions (during the trapping period) and analyze the mass of the ions 
all in one location, they can be useful for tandem in time mass spectrometry experiments as well 
as IRMPD-MS experiment.  
 
 
Figure 1.4 An illustration of a cross-sectional view of a three-dimensional quadrupole ion trap  
 
It has been found that the motion of the ions in a QIT can be described mathematically by 
the solutions to the second order linear differential equation described by Mathieu.28 The motion 
of the ions depends on charge and mass of the ions, applied DC and AC voltages and the 
frequency of the AC voltage. The stability parameters ‘az’ and ‘qz’ are used to define the stability 














Where 𝑈 is the DC potential, 𝑒 is charge of the particle, 𝑉𝑅𝐹 and 𝛺 are the amplitude and 
the radial frequency of the AC potential, 𝑟0 is the half distance between rods, 𝑚 is the mass of the 
ion. The ions can be ejected from the trap when the AC voltage is generated and 𝑞 value greater 
than 0.908.29  As seen in Equation 1.2,  𝑞 value is depended on the mass and the charge of the 
ion. So different mass has a unique AC voltage which causes them to exit the trap. Most 
common mode of the ion operation corresponds to operation on the 𝑞𝑧 axis. Because most of the 
ion trap instrument do not offer the flexibility of applying DC potential to the electrodes, 𝑎𝑧 is 
equal to zero.27 
1.1.2 Infrared multiple photon dissociation  
  Infrared multiple photon dissociation (IRMPD)8, 30 is a method for fragmenting trapped 
ions in the gas phase. A schematic representation of the IRMPD mechanism is shown in Figure 
1.5. When one resonant photon is absorbed by an ion into a specific vibrational mode (𝑣=0), the 
ion is excited into a higher vibrational level (𝑣=1). Then the energy of that photon is rapidly 
distributed throughout other vibrational modes of the ion via intramolecular vibration relaxation 
(IVR).31 After IVR, the initial absorbing vibrational mode is returned to its ground state and 
ready to absorb another IR photon with the same frequency. The absorption process is continued 




Figure 1.5 Schematic representation of the IRMPD mechanism: The initial absorption of one 
resonant photon excites the ion from the vibrational ground state to an excited 
state. This is then followed by IVR, which redistributes the energy into the internal 
energy of the molecule, allowing for the absorption of another photon of the same 
resonant energy. This iterative process is continued until the dissociation threshold 
(D0) is overcome and fragmentation can occur 
 
1.1.2.1  Infrared multiple photon dissociation spectroscopy 
In the IRMPD spectroscopy experiment, the IRMPD yield (Equation 1.3) as a function of 
irradiation wavenumber is recorded (Figure 1.6). If the irradiation frequency is resonant with a 
vibrational mode of the ion, then photons are absorbed, and IRMPD occurs. The resulting 
fragment ions with different m/z are then detected by the mass spectrometer (MS).8 If the 
irradiation frequency is not resonant with vibrational mode of the ion, the ions do not absorb the 
photons and dissociation does not occur. To obtain the IRMPD spectrum of an ion for a certain 
wavenumber range, the experiment has to be repeated at each desired wavenumber step. The 
resulting IRMPD spectrum is analogous (but not identical) to a more traditional absorption IR 
spectrum.   
 
9 
𝐼𝑅𝑀𝑃𝐷 𝑌𝑖𝑒𝑙𝑑 =  − ln
𝐼𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟




Figure 1.6 Schematic representation of basic steps in an IRMPD spectroscopy experiment: 
mass selected ions are irradiated by IR photons of a specific frequency. If the 
irradiation frequency is resonant with the vibrational mode of the ion, photons are 
absorbed and IRMPD can occur. If the frequency is not resonant, then the ions do 
not absorb photons and do not fragment. Mass spectra are recorded as a function of 
IR frequency and the IRMPD yield is plotted versus wavenumber  
 
1.1.2.2 Tunable infrared laser source: FEL 
IRMPD spectroscopy experiments have been done using different types of lasers such as 
CO2 laser,
32 free electron laser (FEL),33 and optical parametric oscillator (OPO).34 These 
different laser systems produce light in different wavenumber regions. CO2 laser is operated in 
the wavelength range 925-1080 cm-1, FEL is operated in 500 – 2000 cm-1 (fingerprint region) and 
OPO is operated in 2000 – 4500 cm-1 (NH/OH stretching region).35 The IRMPD experimental 
data that I have used in Chapter 2, were collected at a FEL facility. Therefore, in the following 
section only FEL will be described.  
To create FEL, a beam of electrons is produced by the electron gun and accelerated by 
electron accelerator to relativistic speed (Figure 1.7). As illustrated, the accelerated electron 
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beam is passed through a periodic magnetic field, called an undulator. Photons are produced due 
to the transverse acceleration of electrons across the beam path. The wavelength of the emitted 
radiation can be tuned by changing different factors such as magnetic field strength of the 
undulators or the energy of the electron beam.33 In order to achieve tunability in free electron 
laser for infrared experiments (FELIX), used an undulator with an adjustable gap at fixed 
electron beam energy.36 
 
Figure 1.7 Schematic diagram of main components of free electron laser (FEL) 
 
1.1.3 Ion mobility spectrometry-mass spectrometry 
In drift tube ion mobility spectrometry (DTIMS),37 ions move through constant electric 
field in the presence of neutral gas (usually nitrogen, helium or argon). While travelling through 
the drift tube, the ions collide with the neutral gas and experience a drag force, impeding their 
progress toward the detector. Smaller and more compact ions experience fewer collision (less 
drag), whereas larger and elongated ions experience more collisions (more drag). Thus, firstly 
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more compact ions reach the detector, followed by less compact/more elongated ions (Figure 
1.8).  
.  
Figure 1.8 Schematic of drift tube ion mobility spectrometry, showing three ion packets 
consisting of ions of different sizes in the ionization region, which are pulsed into 
the drift tube, where they move at different velocities through the background gas, 
allowing for their separation 
 
Now, this separation can be considered more mathematically. Ions are separated based on 
mass, charge, shape, and size.38,39 The time taken by the ions through the drift tube is recorded. 







Where, V is the velocity, L is the length of the drift tube and 𝑡𝑑  is the drift time. If the drift field 
strength is known (E), the ion mobility of the ion (K) can be determined as follows (Equation 
1.5). According to the Equation 1.6, the drift time that an ion needs to pass through the drift 














Mobility of the ion is related to the collision cross section (a reflection of the ion’s 
size/shape) of the ion and, under ideal conditions, can be obtained using Mason-Schamp 
equation40 (Equation 1.7). 














Where, 𝛺  is the collision cross section, e is the elementary charge, z is the ion charge 
state, N is the drift-gas number density, µ is the reduced mass of the ion and drift gas, kB is the 
Boltzmann constant, and T is the drift-gas temperature. 
Isomers have different structural configurations, thus may have different CCS values, in 
which case can allow for their separation by IMS. Resolution of the isomeric separation can 
sometimes be increased by several strategies such as varying the drift gas41 or metal ion 
adduction.42, 43 In the present study, CCS of different isomeric molecules of metal adducts were 
calculated theoretically to predict the trend of the drift time of the isomeric ions in DTIMS.    
 
1.2 Computational chemistry 
The aim of the computational calculations in this study is to interpret the measured 
spectra, to determine thermodynamically preferred ion conformations, to predict theoretical IR 
spectra, to tentatively predict theoretical CCS values, and to gain mechanistic insights into 
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dissociation pathways. Calculations include conformational search, structure and energy 
calculations using quantum chemical method such as density functional theory (DFT), frequency 
calculations using DFT, and preliminary CCS modeling using Mobcal.44  
While there are different methods that can be used in computational calculations, all 
quantum chemistry calculations presented herein were obtained by DFT calculations. DFT was 
chosen as a compromise between computational speed and theoretical accuracy.45 DFT methods 
contains two main parts. The first component is a level of theory to correct for a different degree 
of electron correlation and the second one is a basis set to describe the molecular orbitals of the 
system.46 For modeling systems containing amino acids47, 48, 49 and dye molecules,50, 51  it has 
been found that the hybrid functional of Becke, Lee, Yang and Parr (B3LYP)52  is well-suited 
level of theory because it has accurately predicted the experimental results.50, 49, 53 Additionally, 
in this present study, hybrid functional M06-2X54 level of theory was also used for the 
comparison. 
The second component of the DFT method is basis set. The choice of the basis set can 
greatly affect the accuracy of the calculation. The larger the basis set, the calculations will be 
more complex. The basis sets used in this study were 6-31++G(d, p) and 6-31+(d). Diffuse 
functions (denoted by + or ++) are added to improve the accuracy of the results of the molecules 
having lone pairs. Double plus (++) includes diffuse function on heavy atoms (such as O and N ) 
and lighter atoms (such as hydrogen).55 Repulsions between electrons can be minimize by adding 
polarization functions which are denoted by “d” and “p”. In polarization functions, additional 
orbitals are added, which allow more space for the electrons to get away from each other. Adding 
polarization functions (d, p) to the basis set result in more accurate computed geometries and 
vibrational frequencies.  
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Frequency calculations are performed for optimized geometries, using the harmonic 
approximation. Scaling factors are applied to the obtained IR frequencies, to compensate for 
differences between the model and experimental reality. The scaling factor depends on the level 
of theory and the basis set, and the IR range being studied.58, 59 
1.2.1 Theoretical collision cross section 
Collision cross section (CCS) is a fundamental parameter used to investigate the ion 
structure in the gas phase by IMS. The theoretical CCS (in three-dimensional model) can be 
calculated with the help of different theoretical methods. Therefore, accurate CCS calculation 
methods are vital for the effective application of IMS in structural studies. However, no single 
method is currently accepted as universally best method for reliably applied for the large range 
of ions studies in IMS. The choice of the methods used for the calculations are highly variable in 
literature.60, 61 
The collision cross section of an ion represents its momentum transfer characteristics 
during the collisions with the buffer gas molecules. This can be theoretically estimated by the 
following integral equation (Equation 1.8). In that equation, Ω 𝑎𝑣𝑔
(1,1)
 is the averaged collision 
integral (CCS), θ, φ, and γ angles are described as the collision geometry between the ion and the 
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In this study, Mobcal software is used to predict the CCS values. This uses three different 
algorithms; projection approximation (PA), Exact hard sphere scattering (EHSS), and trajectory 
method (TM ).63 Projection approximation is a simple method for calculating CCSs, which use 
projection of spherical model atoms to find the orientationally average area of the ions. This 
method is not considered the scattering effect. PA fails to model momentum transfer between the 
buffer gas and the molecule. EHSS method consider hard sphere collisions, but disregards long 
range interactions.63 In both PA and EHSS calculations, Mobcal program consider the hard-core 
radius for each atom in the molecular. Because of that the temperature dependence of the 
collision integral cannot be calculated with these approximations.64 TM method accounts for 
both short range and long-range interactions. In addition to that, polarization of the gas 
molecules by charged analyte molecule is also taken into account.65 
Kim et al.44 proposed a modification to the existing trajectory method CCS calculation 
algorithms for N2, which takes ion-quadrupole interactions and the orientation of non-spherical 
gas molecules into account. This modification leads to CCS values that better agrees to the 
experimentally determined data.63 In this study, the modified Mobcal program was used to 







 INTERPRETATION OF EXPERIMENTAL IRMPD SPECTRA OF PROTONATED AND 
LITHIATED HYDROXYPROLINE ISOMERS BY DFT CALCULATIONS 
2.1 Introduction and background 
Hydroxyproline is produced by post-translational modification of proline by the enzyme 
prolyl hydroxylase.66 Hydroxyproline can exist in isomeric forms such as 4-hydroxyproline or 3-
hydroxyproline.66 These isomeric hydroxyproline have distinct functional roles, which affect the 
stability and bioactivity of the proteins where they are present. Stability of the triple helical 
structure is due to the principle form of the collagen, trans-4-hydroxyproline.67 But in type IV, 
basement membrane collagen, the trans-3-hydroxyproline isomer becomes more prominent, 
involve in the regulation of tendon collagen during the development stage.68 In addition to that, 
determination of the level of the hydroxyproline in urine and serum can be useful in diagnosis of 
several diseases,69 such as thyroid disease and bone disease. Due to the different functions of the 
hydroxyproline isomers, it is important to differentiate these isomers with a suitable analytical 
technique. 
Ion mobility mass spectrometry (IMS),6 and infrared multiple photon dissociation 
(IRMPD) spectroscopy,7 were used to differentiate hydroxyproline isomers. Previously, a IMS 
study6 was performed for  cis-4-hydroxyproline and trans-4-hydroxyproline complexed with 
alkali metal ions. The computational studies were performed to understand the gas phase 
chemistry of amino acids with metal cations (conformations of metal adducts).70, 71 It was found 
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that stereoisomers (metal adduct cis and trans) preferred to form two different gas phase 
conformations for their lowest energy structure. Lithiated cis-4-hydroxyproline prefers charged 
solvated structure whereas trans-4-hydroxyproline prefers salt bridge structure.6  
In previous IRMPD spectroscopy, experimental study together with theoretical 
calculations showed that protonated trans-4-hydroxyproline adopt exo configuration and 
protonated cis-4-hydroxyproline adopts endo configuration.7  
Several theoretical studies have been performed to investigate the gas-phase 
conformations of amino acids upon protonation and metal complexation.72, 73, 74, 75, 76 Generally, 
metal ion-complexed amino acids are known to exist in either the charge solvated (CS) or salt-
bridge (SB) forms. A CS structure is formed by associating the metal ion with electronegative 
atoms such as N or O as well as π-clouds in the amino acids. A SB structure is formed by 
associating the metal ion and deprotonated carboxylic group of amino acid. Figure 2.1 shows the 
SB and CS structure of hydroxyproline. 
 




IRMPD spectroscopy turned out to be a useful diagnostic probe to identify SB or CS 
form of amino acids in the gas phase.48, 77, 78, 79 Deprotonation of carboxylic group (in SB) and 
the metal chelation carboxylic group (in CS ) absorb infrared photons in different spectral 
regions. Therefore, carbonyl stretching frequency can be used as the characteristic band to 
determine CS or SB structure. Comparison of theoretically predicted IR spectra with 
experimental IRMPD spectra can be helpful in prediction of SB or CS conformation of the ions 
in the gas phase.48, 80, 73, 81 
The objective of this study is to perform computational modeling of IR spectra to 
compare the IRMPD spectra of hydroxyproline isomers, for the purpose of determining the gas 
phase conformations (SB or CS). The results discussed in this chapter is published.47  
2.2 Computational method 
 Experimental measurements presented herein were collected by Dr. Patrick and the 
FELIX staff in Summer 2019 and have been published.47 The complementary computational 
chemistry used to understand these experimental results are described. Computational 
calculations were performed for the lithium cationized and protonated forms of the relevant 
hydroxyproline isomers to determine the thermodynamically preferred conformations of each 
and to facilitate the interpretation of the measured IRMPD spectra.  
Starting structures for the lithiated hydroxyproline isomers, cis-3-, cis-4-, trans-3- and 
trans-4 hydroxyproline were drawn according to the conformations shown in the literature.6 
Protonated structures of  cis-4-hydroxyproline and cis-3-hydroxyproline were drawn based on a 
previous IRMPD spectroscopy study.7 Then additional conformations were considered by 
rotating hydroxyl groups and carboxylic group with placing the lithium cation at hydroxyl group, 
carboxylic acid group, N-atom, and pyrrolidine ring. DFT calculations were carried out using 
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Gaussian 09 program82 using  B3LYP / 6-31++G(d, p). This level of theory was chosen because 
it has been shown to produce reliable predictions for a variety of biologically relevant metal 
adduct complexes in previous works.6, 83, 84 The theoretical harmonic vibrational frequencies 
were also calculated.  In addition to B3LYP, M06-2X was also used with the same basis to 
evaluate and validate the efficacy of the computational method. This method was only used for 
the lithiated hydroxyproline isomers. The coordinates of the lowest energy structures of lithiated 
cis-3-, cis-4- and trans-4 hydroxyproline are published.47 
For the comparison of IRMPD spectra, theoretical frequencies were scaled by a factor of 
0.97583 for B3LYP and 0.96085 for M06-2X level of theory. Theoretical spectra were convoluted 
using a 10 cm−1 full-width-at-half-maximum Gaussian line shape. Avogadro86 and Gabedit 87  
were used for visualization of the computational results.  
2.3 Results and discussion 
2.3.1 Comparison of IRMPD spectra of protonated hydroxyproline isomers with 
calculated IR spectra 
Figure 2.2 shows the lowest energy conformers found for protonated cis-4-
hydroxyproline and trans-4-hydroxyproline isomers.  The lowest energy (calculated at B3LYP / 
6-31++G(d,p)) structure of protonated cis isomers form endo-conformation whereas lowest 
energy structure of protonated trans-4-hydroxyproline forms exo-conformation. This results 
were similar with the previous IRMPD study for the hydroxyproline isomers where the lowest 




Figure 2.2 Lowest energy conformers of (a) protonated cis-4-hydroxyproline, (b) protonated 
trans-4-hydroxyproline and (c) protonated cis-4-hydroxyproline. Hydrogen bond 
lengths, marked by dashed lines, are given in Ǻ 
Comparison of the predicted spectrum of the lowest energy conformer along with the 
experimental IRMPD spectrum for protonated cis-4-hydroxyproline can be seen in Figure 2.3. 
The relative positions of the absorption bands in the IRMPD spectrum and linear infrared 
spectrum are closely matched. The predicted band for C(O)H bending and C-O stretching at 
~1162 cm-1, CH2 twisting and NH wagging at 1220 cm
-1, NH2 wagging at 1328 cm
-1 and the 
pronounced band at 1777 cm-1 for C=O stretching are quite close to the experimental bands 
observed at ~1155 cm-1, 1215 cm-1, 1323 cm-1, 1770 cm-1 respectively.  
However, the weak absorption band observed for NH2 scissoring at 1582 cm
-1 was 
considerably shifted by 38 cm-1 compared to absorption pattern in the calculated spectra (1620 
cm-1). In the previous IRMPD study using the MP2/6-311+G** level of theory,7 the 
experimental band appears at 1590 cm-1 and their calculations predicted the infrared peak at 1598 




Figure 2.3 (A) Theoretical infrared spectrum of the lowest energy conformer and (B) the 
IRMPD spectrum of protonated cis-4-hydroxyproline  
 
Figure 2.4 shows comparison between the predicted spectrum of the lowest energy 
conformer and the experimental IRMPD spectrum of protonated cis-3-hydroxyproline. Among 
the active modes for cis-3-hydroxyproline, the strong band at 1162 cm-1 matched with predicted 
band at 1160 cm-1 for the C-O stretching modes and COH bending mode due to the carboxylic 
acid group. The broader absorption peak observed in between 1220 -1370 cm-1 can be attributed 
to CH2 twisting and NH wagging predicted at 1275 cm
-1 and 1326 cm-1. The strong intense band 
at 1780 cm-1 can be assigned with asymmetric stretching of carbonyl group calculated at 1777 
cm-1. Like protonated cis-4-hydroxyproline, the weak absorption band was observed at 1584 cm-1 
for NH2 scissoring mode which was shifted by 36 cm




Figure 2.4 (A) Theoretical infrared spectrum of the lowest energy conformer and (B) the 
IRMPD spectrum of protonated cis-3-hydroxyproline 
 
2.3.2 Comparison of IRMPD spectra of lithiated hydroxyproline isomers with 
theoretical spectra 
Figure 2.5 depicts the lowest energy structures found for the lithiated hydroxyproline 
isomers using the B3LYP functional and the 6-31++(d,p) basis set. Both lithiated cis-
hydroxyproline isomers form charged solvated (CS) structure whereas lithium adducted trans-
hydroxyproline forms salt bridge (SB) structure. Similar results were obtained with the previous 
ion mobility study6 for the low lying energy structures of stereoisomers of lithiated 





Figure 2.5 Lowest-energy conformers found for the charge-solvated form and the salt-bridge 
form of (A) cis-3-hydroxyproline, (B) cis-4-hydroxyproline and (C) trans-4-
hydroxyproline 
Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 
2020, 31, 6, 1205-1211. Copyright (2020) American Chemical Society. 
Figure 2.6 shows the comparison between the IRMPD spectrum and the infrared spectra 
of three most stable charged solvated conformations and three most stable salt bridge 
conformations of lithiated cis-3-hydroxyproline. It can be seen that the observed bands are only 
consistent with the infrared spectrum of the lowest energy conformer of the charged solvated 




Figure 2.6 IRMPD spectrum of lithiated cis-3-hydroxyproline (A) and theoretical infrared 
spectra of the most energetically stable charged solvated (B-D) and salt bridge (E-
G) conformers with their structures  
Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 
2020, 31, 6, 1205-1211. Copyright (2020) American Chemical Society. 
The infrared spectra of both c3CS01 and c3CS02 have two common bands. The strongest 
peak around 1734 cm-1 corresponds to the asymmetric carbonyl stretching, while the second peak 
corresponds to the C-O stretching at 1423cm-1. The second band is much more intense for 
c3CS02 than for c3CS01. The c3CS01 spectrum presents another strong band at 1168 cm-1 due 
to the OH bending. In the case of c3CS03, only one common absorption band around 1205 cm-1 
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can be seen in c3CS01 conformer. The presence of SB conformer can be predicted with the two 
bands presents in between 1600−1750 cm-1(c3SB01, c3SB02, c3SB03). One band is for NH2 
scissoring and the other for antisymmetric C=O stretching. In all SB theoretical spectra group of 
peaks exists between 1100 cm-1 and 1450 cm-1, which is associated with the C-O stretching and 
CH2, CH, and NH2 bending in SB conformers. 
IRMPD spectrum exhibits two strong bands and two weak bands (Figure 2.6 (A)). The 
strongest peak of IRMPD spectrum shows at 1738 cm-1. It has been found that the all the 
predicted spectra for the charged solvated conformers shows strongest band above 1700 cm-1, but 
none of the salt bridge conformer show any bands above 1700 cm-1. The next strong band shows 
at 1162 cm-1, and two weak bands at 1267 cm-1 and 1433 cm-1. Based on this analysis of the 
relative positions of the experimental and calculated bands, c3CS01 conformer (lowest energy 
conformer) for lithiated cis-3-hydrxyproline is the best for the interpretation of the experimental 
spectrum. This is consistent with energetic values as well. Because all the other conformers of 
both charge solvated and salt bridge are higher than 23 kJ/mol in energy. 
The comparison between the IRMPD spectrum and the infrared spectra of three most stable 
charged solvated conformations and three most stable salt bridge conformations of lithiated cis-4-
hydroxyproline can be seen in Figure 2.7. Most of the absorption bands of the experimental 
IRMPD spectrum correspond well with calculated spectrum for lowest energy charged solvated 
structure (c4CS01) compared to the other calculated infrared spectra. This is consistent with 
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energetic calculations as well. Because all the other higher energy CS conformers and SB 
conformers are 25 kJ/mol higher in energy.  
 
Figure 2.7 IRMPD spectrum of lithiated cis-4-hydroxyproline (A) and theoretical infrared 
spectra of the most energetically stable charged solvated (B-D) and salt bridge (E-
G) conformers with their structures 
Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 





Figure 2.8 shows the comparison between the IRMPD spectrum with calculated spectra 
of six most stable salt bridge and charged solvated with their structures. The experimental 
spectrum (Figure 2.8 (A)) exhibits broader band around 1636 cm–1, which corelate well with the 
expected position of the characteristic C=O stretching mode of the calculated salt bridge (t4SB0 
and t4SB02) structures at 1634 cm–1. t4SB01 and t4SB02 are structurally closely related. The 
energy difference is 1.7 kJ/mol.  It can be seen that the both infrared spectra are almost identical 
and cannot be distinguish experimentally.  However, t4SB03 is 15.2 kJ/mol higher in energy. 
The spectrum of t4SB03 also show some distinguishable bands compared to both t4SB01 and 
t4SB02 spectra.  The weaker band around 1546 cm–1 in experiment spectrum, predicted at 1578 
cm–1 for NH2 scissoring. The strong band at 1415 cm
–1 in infrared spectra shows for carbonyl 




Figure 2.8 IRMPD spectrum of lithiated trans-4-hydroxyproline (A) and theoretical infrared 
spectra of the most energetically stable salt bridge (B-D) and charged solvated (E-
G) conformers with their structures 
Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 
2020, 31, 6, 1205-1211. Copyright (2020) American Chemical Society. 
The IRMPD spectrum shows a shoulder peak in the region of the characteristic C=O 
stretching around 1680 cm–1, which cannot be seen in any salt bridge structure. However, the 
lowest energy conformers of CS structures (tCS01 and tCS02) show intense band around 1690 
cm–1. This suggest there is a minor contribution of the CS conformer in the gas phase. This 
observation consisted with relative energy values of charged solvated conformer as well. 
Relative energetic values of two CS conformers, t4CS01 and t4CS02 are +5.9 kJ/mol and +6.7 




2.3.3 Comparison of theoretical infrared spectra of lithiated positional isomers 
Figure 2.9 shows the theoretical infrared spectra of lowest energy conformer of salt bridge 
and charged solvated of lithiated trans-3-hydroxyproline and lithiated trans-4-hydroxyproline. 
Both isomers energetically favorable to form salt bridge conformer. The charged solvated 
conformer is 5.9 kJ/mol higher in energy for trans-4-hydroxyproline whereas it is 16.6 higher in 
energy for trans-3-hydroxyprloline. The both infrared spectra show three intense bands at 1635 
cm–1, 1588 cm–1, and 1410 cm–1 for C=O asymmetric stretching, NH2 scissoring and C=O 
symmetric stretching respectively. However trans-4-hydroxyproline shows an additional strong 




Figure 2.9 Theoretical infrared spectra of the most stable charge solvation (A) and salt bridge 
(B) conformers of lithiated trans-4-hydroxyproline and charge solvation (C) and 
salt bridge (D) conformers of lithiated trans-3-hydroxyproline 
Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 
2020, 31, 6, 1205-1211. Copyright (2020) American Chemical Society. 
Figure 2.10 depicts the comparison between IRMPD spectrum of lithiated cis-3-
hydroxyproline and the theoretical infrared spectra of the most stable charge solvation and salt 
bridge conformers at M062X/6-31++G(d,p). Salt bridge conformer lies 47.5 kJ/mol higher 
energy than the ground state CS conformer for lithiated cis-3-hydroxyproline. However, this 
difference is much higher compared to the energy obtained at the B3LYP level of theory (Figure 
2.5). Eventhough the both level of theory predicted CS form as the lowest energy conformer, the 
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peak position of IR spectrum of CS obtained with M06-2X level of theory much more shifted 
with the IRMPD than the B3LYP method.  
 
Figure 2.10 IRMPD spectrum of lithiated cis-3-hydroxyproline (A) and the theoretical infrared 
spectra of the most stable charge solvation (B) and salt bridge (C) conformers at 
M062X level with the basis set 6-31++G(d, p) with the structures. 
Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 
2020, 31, 6, 1205-1211. Copyright (2020) American Chemical Society. 
Figure 2.11 shows the comparison between IRMPD spectrum of lithiated cis-4-
hydroxyproline and the theoretical infrared spectra of the most stable charge solvation and salt 
bridge conformers at M062X/6-31++G(d,p).  The spectrum pattern obtained for the lowest 
energy conformer is similar with the infrared spectrum at B3LYP method (Figure 2.7). But 





Figure 2.11 IRMPD spectrum of lithiated cis-4-hydroxyproline (A) and the theoretical infrared 
spectra of the most stable charge solvation (B) and salt bridge (C) conformers at 
M062X level with the basis set 6-31++G(d,p) with the structures. 
Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 
2020, 31, 6, 1205-1211. Copyright (2020) American Chemical Society. 
The lowest energy conformer of trans-4-hydroxyproline is CS with M06-2X level of 
theory as seen in Figure 2.12 (It is SB with B3LYP). However, comparing the experimental 
spectrum with that infrared spectrum of CS conformer, only the few bands are common in both 
spectra. When comparing the IRMPD spectrum with the predicted spectrum of SB conformer, 
some of the bands present in the experimental spectrum can be seen in the infrared spectrum of 
SB conformer. The energy difference between CS and SB is 3.7 kJ/mol. Therefore, the total 





Figure 2.12  IRMPD spectrum of lithiated trams-4-hydroxyproline (A) and the theoretical 
infrared spectra of the most stable charge solvation (B) and salt bridge (C) 
conformers at M062X level with the basis set 6-31++G(d, p) with the structures. 
 Reprinted (adapted) with permission from B. Acharya, W. K. D. N. Kaushalya, J. Martens, G. 
Berden, J. Oomens, and A. L. Patrick. “A Combined Infrared Ion Spectroscopy and 
Computational Chemistry Study of Hydroxyproline Isomers”. J. Am. Soc. Mass. Spectrom. 
2020, 31, 6, 1205-1211. Copyright (2020) American Chemical Society. 
2.4 Conclusion 
IRMPD spectroscopy together with theoretical calculations have been performed for 
differentiation of positional and stereoisomers of hydroxyproline molecules. Theoretical 
calculations with B3LYP method have been shown that the cis-4 and cis-3-hydroxyproline 
isomers tend to form charged solvated conformer whereas trans-4 and trans-3-hydroxyproline 
form salt bridge structure. When comparing the theoretical spectra of protonated and lithiated 
isomers, it can be seen that the lithited hydroxyproline isomers show significant difference for 
both positional and stereoisomers compared to the protonated isomers. Comparing the results 
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obtained with the other DFT method and M06-2X level of theory, it can be concluded that the 
























THEORETICAL MODELING OF ION MOBILITY SEPARATION AND INFRARED ION 
SPECTROSCOPY CHARACTERIZATION OF ISOMERIC DYE MOLECULES  
3.1 Introduction and background 
Natural dyes have been used in textiles and artifacts in the ancient times.89, 90 Among 
many, isomers of indigoid (indigo, indirubin, isoindigo)91, 92 and anthraquinone (alizarin, 
anthrarufin, chryzarin)93, 94, 95 and their derivatives were widely used in historical textiles from 
many thousand years ago. Additionally, those isomers have many other applications. Indigo and 
its derivatives are used in organic electronic applications.96 Indirubin and its derivatives are used 
in cancer treatments.97 Isoindigo derivatives have been extensively studied as pharmaceuticals,98, 
99 and also used in semiconducting polymers.96 Anthraquinone isomer, alizarin is commonly 
used for trace metal extraction and quantification 100, 101 as well as in biochemical studies such as 
bone growth102 and tissue engineering.103 Anthrarufin was utilized as an agent which acts against 
gram-positive bacteria and also it reduces damaging effects of dioxin.104 Chryzarin is used in 
some metal determination.105 
It is important to analyze the presence of these dyes in historical textiles by which 
knowledge can be gained in relation to the cultural development. Analysis of dyes are very 
difficult in historic textiles due to their uniqueness, fragility106 and low concentration.89 
Chromatographic techniques such as liquid chromatography107, 108, 109, 110, 111 and gas 
chromatography 112, 113 have been used to analyze dyes, their isomers and related degradation 
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products. Tandem mass spectrometry combined with chromatographic techniques was used to 
differentiate closely related isomeric dyes and their derivatives, if the dissociation pathways of 
the isomeric ions show diagnostic functions.114, 115  However, chromatographic techniques have a 
main drawback which is time consuming. Therefore, it is beneficial to use an appropriate method 
to differentiate isomers. Two such methods are IRMPD spectroscopy and IMS. 
 Previously, IRMPD spectroscopy has been used to study protoisomerization (trans-to-cis 
isomerization occurs upon protonation) of indigo and isoindigo isomers.50 In that study, 
theoretical IR spectra showed two different vibrational frequencies for the C=O stretching mode 
of cis and trans isomers. Comparison of IRMPD spectra with theoretical spectra has led to 
determine the coexistence of the cis and trans isomers of indigo and isoindigo in the gas phase.50 
Another study has also performed theoretical calculations to show protoisomerization of 
indigo.116 Additionally, theoretically computed vibrational frequencies have been used as a 
guideline to propose the vibrational assignment of the anthraquinone dyes to obtain useful 
information.57 
Furthermore, oxazine, which is another type of dyes have also been analyzed by IRMPD 
spectroscopy with the aid of computational calculations.51 In this work, four protonated isomers 
of oxazine dyes (nile red, nile blue a, cresol violet and brilliant cresyl blue) were differentiated.  
Therefore, it may be beneficial to generate the theoretical IR spectra prior to the experiment to 
gain the idea about isomers in IRMPD spectroscopy. 
Previously, IMS technique has been followed to determine the isomeric distribution of 
fluorescent laser dye DCM ((4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-
pyran)) in gas phase.117 Different CCS values were observed for the cis and trans isomeric forms 
 
37 
of DCM dye. Therefore, theoretical CCS can potentially be used to predict the separation of 
isomers in IMS study.  
The objectives of this study is to predict the possibility of differentiating three indigoid  
isomers (indigo, isoindigo and indirubin) and their stereoisomers (cis and trans), and three 
anthraquinone isomers (alizarin, anthrarufin, chryzarin) with IRMPD spectroscopy and IMS 
using computational chemistry.  
In this study, theoretical IR spectra of indigoid isomers (Figure 3.1) and anthraquinone 
isomers (Figure 3.2) were evaluated to identify characteristic absorption bands present in each of 
them. Theoretical CCS were calculated for indigoid isomers and anthraquinone isomers to 
predict the relative drift time pattern in IMS study.  
 
 
Figure 3.1 Structures of trans isomers of (A) indigo, (B) isoindigo and (c) indirubin and cis 






Figure 3.2 Structures of (A) alizarin, (B) anthrarufin and (C) chryzarin 
  
3.2 Computational methods 
3.2.1 Geometry optimization, thermodynamic calculations, and frequency 
calculations 
Starting structures for protonated cis and trans indigo and isoindigo were drawn 
according to the conformations based on previous IRMPD study.50 The main sites of protonation 
were on nitrogen atom and oxygen atom of the carboxylic groups. By binding the proton with 
preferred binding sites and rotating the OH groups, a wide range of conformations were 
generated for all the protonated indigoid isomers.  
Initial structures of the sodiated alizarin, sodiated anthrarufin, and sodiated chrysazin 
were generated by binding sodium ion with lone pairs of the two carboxylic acids and lone pairs 
of two hydroxyl groups, placing the sodium cation with ring systems, and additionally rotating 
two hydroxyl groups as well. Lithiated conformers of all anthraquinone isomers were generated 
in a similar way as with the sodium cation. 
Indigoid and anthraquinone conformations were generated in the Gabedit software.118 
Quantum mechanics calculations were performed with Gaussian 09 program.82  Protonated and 
sodiated indigoid geometries were optimized at the DFT level with B3LYP/6-31++G(d,p).50 The 
calculated harmonic frequencies are scaled by a factor of 0.975 119, 120 below 2000 cm-1 and 
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0.95121 above 2000 cm-1. Geometry optimization for the sodiated and lithiated anthraquinone 
conformations were performed with B3LYP/6-31+G(d) level of theory.57 The same level of 
theory was used to calculate the theoretical harmonic vibrational frequencies that used to predict 
the linear infrared absorption spectrum. The calculated frequencies are scaled by a factor of 
0.973122 below 2000 cm-1 and 0.961123 above 2000 cm-1. Calculated vibrational frequencies did 
not show any imaginary value, indicating that the structures obtained for all isomers were 
minima. The predicted infrared spectra were convoluted using a 10 cm−1 full-width-at-half-
maximum Gaussian line shape. Avogadro were used for the visualization of computational 
results.86  
3.2.2 Collision cross section predictions  
Theoretical collision cross sections calculations were performed for the lowest energy 
conformers of protonated indigoid isomers and sodiated isomers obtained at B3LYP/6-
31++G(d,p) level of theory and sodiated anthraquinone isomers at B3LYP/6-31+G(d) level of 
theory. Calculations were carried out with the trajectory method implemented in the MobCal-N2 
program44 at 298K.  
3.3 Results and discussion 
3.3.1 Indigoid isomers 
3.3.1.1 Comparison of theoretical infrared spectra of protonated indigoid structural 
isomers  
Neutral forms of indigo, isoindigo and indirubin have planer structures. The lowest 
energy conformers of protonated indigo, isoindigo, and indirubin are shown in the Figure 3.3. 
According to that, upon the protonation, indigo does not change its planer structure. However, 





Figure 3.3 Lowest energy conformers of protonated (A) indigo, (B) isoindigo and (C) 
indirubin at B3LYP/6-31++G(d,p) 
 
Figure 3.4 shows the comparison of the theoretical IR spectra of structural indigoid 
isomers (trans-isomers). In the corresponding spectra, C=O stretching predicted at 1773 cm-1 for 
protonated indigo, 1804 cm-1 for protonated isoindigo and 1782 cm-1 for protonated indirubin. In 
the spectrum of protonated indigo, the band with the highest intensity at 1680 cm-1 is for the C=C 
stretching mode at the center of the molecule. The protonated spectra of isoindigo and indirubin 
show highest intense bands for C=C stretching mode of the benzene rings at 1668 cm-1 and 1671 
cm-1 respectively. The corresponding peak is predicted at 1628 cm-1 for protonated indigo. 
Because of those significant differences, C=O stretching mode and C=C stretching mode of the 
benzene ring can be used as characteristic bands for differentiating these isomers theoretically in 
the fingerprint region. IRMPD spectroscopy experiments can be carried out for further 
investigation of these protonated structural isomers. Moreover, the spectra of sodiated indigoid 




Figure 3.4  Theoretical IR spectra of (A) indigo, (B) isoindigo and (C) indirubin at B3LYP/6-
31++G(d,p) in fingerprint region   
 
3.3.1.2 Comparison of theoretical IR spectra of sodiated indigoid structural isomers 
 Figure 3.5 depicts the lowest energy conformers of sodiated indigo, isoindigo and 
indirubin. Sodium cation can interact with electronegative atoms such as N and O present in the 
indigoid isomers. Those interactions can change the conformations of isomeric structures. 
However, upon the sodiation, the conjugated systems of isoindigo and indirubin are forced to 




Figure 3.5 Lowest energy conformers of sodiated (A) indigo, (B) isoindigo and (C) indirubin 
at B3LYP/6-31++G(d,p) 
 
Theoretical IR spectra of sodiated indigoid isomers in fingerprint region is shown in 
Figure 3.6. Theoretical spectrum of indigo shows one band for C=O stretching at 1729 cm–1. 
Sodiated indirubin shows two distinct bands for the two different C=O groups which are 
predicted at 1725 cm–1 and 1626 cm–1. Spectrum of sodiated isoindigo also shows two absorption 
bands for C=O stretching modes. The highest intense band is at 1677 cm–1 for vibration mode of 
C=O group which is interacted with sodium atom. The other band is at 1750 cm–1 for vibration 
mode of C=O group which is far away from the sodium atom. Spectra of sodiated indigo and 
indirubin show highest intense bands at 1548 cm–1 and 1609 cm–1 for C=C stretching mode of 
the ring system respectively. According to the remarkable differences in wavenumbers of C=O 
stretching mode of sodiated isomers, it can be used as a characteristic band to theoretically 
differentiate those three sodiated isomers in fingerprint region. 
When compare spectra of protonated and sodiated isomers, spectra of protonated indigoid 
isomers predict one band for C=O stretching mode for each isomer, whereas spectra of sodiated 
indirubin and isoindigo show two bands for two different C=O stretching modes. So, for further 





Figure 3.6 Theoretical IR spectra of sodiated (A) isoindigo, (B) indirubin and (C) indigo at 
B3LYP/6-31++G(d,p) in fingerprint region  
 
3.3.1.3 Comparison of theoretical infrared spectra of protonated cis and trans isomers 
of indigoid isomers 
Protoisomerization of indigoid dyes, its isomers and derivatives have been investigated 
both experimentally and theoretically.50, 116, 124 In the present study, IR spectra of cis and trans 
forms of each indigoid isomer was presented in both fingerprint and NH/OH stretching region. 
All the indigoid isomers have two possible protonation sites: NH nitrogen and C=O oxygen. But 
all N-protonated conformers have higher energies compared to O-protonated conformers. Similar 
results were obtained in previous studies as well.50, 116 O-protonated conformers may be more 
favorable in gas phase because of the presence of high degree of conjugations in these isomeric 
dye systems which leads to resonance stabilization of partially charged O site after the 
protonation. Therefore, further theoretical studies have been done with the lowest energy 
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conformers of each O-protonated isomer. Figure 3.7 depicts the lowest energy structures found 
for each protonated (O site) indigoid isomer (cis and trans) at the B3LYP/6-31++G(d,p) level of 
theory. According to the calculations, protonated trans indigo is +11.22 kJ/mol higher in energy 
than its cis isomer. The energy difference between cis and trans isomers of isoindigo and 
indirubin are 66.81 kJ/mol and 60.31kJ/mol respectively. 
 
 
Figure 3.7 Lowest energy conformers found for the protonated (A) cis, (B) trans indigo, (C) 
cis, (D) trans isoindigo and (E) cis, (F) trans indirubin 
 
Figure 3.8 shows the comparison between the theoretical infrared spectra of most stable 
protonated cis and trans indigo isomers in fingerprint region and NH/OH stretching region. The 
IR spectrum of cis-indigo 1  (Figure 3.8(A)). shows absorption band at around 1734 cm–1 for 
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C=O stretching and trans-indigo predicts stretching vibration of unprotonated carbonyl group 
that is hydrogen bonded with the neighboring NH group at around 1671 cm–1  (Figure 3.8(B)). 
Previous IRMPD study, predicted the C=O stretching for cis-indigo at 1675 cm–1 and trans-
indigo at 1733 cm–1.50   Therefore, the position of the C=O stretching frequency in theoretical IR 
spectra of cis/trans structure could be useful as a characteristic band.   
 
Figure 3.8 Comparison of theoretical infrared spectra of protonated (A) trans and (B) cis 
indigo in fingerprint region, protonated (C) trans and (D) cis indigo in NH/OH 
stretching region at B3LYP/6-31++G(d,p) level of theory  
 
The dominant band for both cis- and trans-indigo is the vibrational mode of C=C 
stretching of the central CC bond between the ring systems, predicted at 1616 cm–1 and 1646  
cm–1 respectively. The second most intense band for the protonated cis-indigo shows absorption 
at 1305 cm–1 which is due to combined CH and NH bending modes. trans-indigo also shows a 
peak at around 1307 cm–1 for the same vibrational modes with very low intensity. Additionally, 
 
46 
the spectrum of trans-indigo predicted an absorption band at 1381 cm–1 for ring vibrations 
coupled with NH and CH in plane bending, which was 1378 cm–1 in a previous IRMPD study.50 
The absorption band calculated at 1247 cm–1 for the ring vibrational character of the trans-
indigo.  
IR spectra for NH/OH region has not been reported in the previous IRMPD study.50 In 
NH/OH stretching region, the strongest calculated peak shows 2526 cm–1 for OH stretching 
mode for cis-indigo (Figure 3.8 (C)). However, the predicted absorption of OH stretching mode 
for trans-indigo (Figure 3.8 (D)) blue shifted to a higher wavenumber (3705 cm–1).The 
significant difference in wavenumber is due to the formation of intermolecular H bonding 
between OH group and the C=O group in cis-indigo, which tend to form stable resonance 
structure of 6-membered ring. NH stretching vibration can be seen at 3559 cm–1 and 3514 cm–1 
for cis and trans indigo respectively. The red shift of predicted value of trans indigo is because 
of the formation of H bond of NH group with the neighboring OH group. These two 
characteristic bands allow to differentiate cis- and trans-indigo isomers in NH/OH stretching 
region theoretically.   
The comparison of theoretical infrared spectra of protonated trans and cis isoindigo in 
fingerprint region and NH/OH stretching regions are shown in Figure 3.9. The theoretical 
spectrum of cis-isoindigo includes a band for C=O asymmetric stretch at 1701 cm-1; whereas the 
same mode for trans-isoindigo is predicted at 1790 cm-1. The difference in the C=O stretch can 
be used as a characteristic band for the identification of presence of cis and trans isoindigo in gas 
phase. Additionally, a unique absorption band calculated at around 1889 cm–1 for OH stretching 
of cis-isoindigo due to the formation of  hydrogen bond125 (Figure 3.7 (C)). The most intense 
band predicted at 1419 cm–1 for cis-isoindigo contributes to ring stretching and in-plane CH 
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bending character. trans-isoindigo depicts absorption band around 1675 cm–1for NH bending 
mode. The presence of distinct bands in both isomers allows the differentiation of them in 
fingerprint region theoretically. 
 
 
Figure 3.9 Comparison of theoretical infrared spectra of protonated (A) trans and (B) cis 
isoindigo in fingerprint region, protonated (C) trans and (D) cis isoindigo in 
NH/OH stretching region at B3LYP/6-31++G(d,p) level of theory  
 
In NH/OH stretching region, theoretical spectrum of cis-isoindigo (Figure 3.9 (C)) shows 
one peak in higher wavelength (3532 cm–1) for NH stretching vibration mode. trans-isoindigo 
(Figure 3.9 (D)) shows two bands at around 3519 cm–1 and 3552 cm–1 for the same vibrational 
mode. Those calculations show that the region between 3000 cm–1 – 4000 cm–1 is more useful in 
identification of cis/trans isomers theoretically. 
The theoretical infrared spectra of protonated isomers of indirubin in fingerprint and 
NH/OH stretching regions are shown in Figure 3.10. In the spectra, the strongest band for trans- 
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indirubin can be seen at 1586 cm–1 for both ring stretching and NH bending, and the 
corresponding peak (at 1465 cm–1) of cis-indirubin is predicted at a very low intensity. Two 
distinct bands were obtained at 1625 cm–1 and 1687 cm–1 for C=O stretching of cis-indirubin and 
trans-indirubin respectively. The characteristic C=O band and other distinct bands present in the 
theoretical spectra of the cis-indirubin and trans-indirubin are promising for the differentiation of 
the two isomers. 
 
Figure 3.10 Comparison of theoretical infrared spectra of protonated (A) trans and (B) cis 
isoindigo in fingerprint region, protonated (C) trans and (D) cis isoindigo in 
NH/OH stretching region at B3LYP/6-31++G(d,p) level of theory 
 
  Protonated cis-indirubin shows a strong absorption band at around 2375 cm–1 which can 
be attributed to the OH stretch. However, the OH stretch of trans-indirubin shows at 3786 cm–1. 
The significant difference in OH stretch in cis-indirubin and trans-indirubin is due to presence of 
hydrogen bond between OH and C=O group in cis-indirubin. Protonated ciss-indirubin shows 
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two absorption bands at 3534 cm–1 and 3579 cm–1 for NH stretch whereas trans-indirubin shows 
two bands around 3531 cm–1 and 3620 cm–1. Presence of these distinct bands can be useful in 
distinguishing these two isomers in NH/OH region theoretically.  
 Previously IRMPD spectroscopy experiment was not carried out to study the 
protoisomerization of indirubin in gas phase. Therefore, IRMPD experiment can be carried out 
either in fingerprint region or NH/OH stretching region to investigate whether the 
protoisomerization of indirubin occurs upon protonation. By comparing the above theoretical 
spectra with experimental spectra, the coexistence of cis and trans indirubin can be investigated. 
Additionally, to estimate the extent of isomerization on-resonance kinetics can be measured on 
diagnostic and common vibrational frequencies to determine the ratio of cis-to-trans isomers. 
 
3.3.1.4 Comparison of theoretical collision cross sections of protonated indigoid 
isomers and sodiated indigoid isomers 
Table 3.1 presents the calculated CCS values of lowest energy conformers of protonated 
cis- and trans-indigoid obtained at B3LYP/6-31++G(d,p) level theory. All the calculations were 
performed at 298 K with the trajectory method using nitrogen as the buffer gas. Calculated CCS 
values for protonated cis- and trans-indigo are 138.79 Å2 and 136.50 Å2 respectively. According 
to those values, trans-indigo will arrive to the detector first followed by cis-indigo. However, 
both protonated cis- and trans-isoindigo were given almost same CCS values (133.17 Å2 and 
133.44 Å2). Protonated cis and trans indirubin gave two different CSS values, 134.62 Å2 and 
138.62 Å2 respectively. So according to the predicted CCS values, protonated cis-indirubin will 




Table 3.1 Predicted collision cross sections (CCS) for protonated indigo, protonated 
isoindigo and protonated indirubin 
Isomer Predicted CCS (Å2) 
Protonated cis-indigo 138.79 
Protonated trans-indigo 136.50 
Protonated cis-isoindigo 133.17 
Protonated trans-isoindigo 133.44 
Protonated cis-indirubin 134.62 
Protonated trans-indirubin 138.62 
 
Table 3.2 shows the calculated CCSs for sodiated indigoid isomers. The calculated CCS 
values are 238.55 Å2, 214.36 Å2 and 213.69 Å2 for sodiated indigo, sodiated isoindigo and 
sodiated indirubin respectively. According to those values, sodiated indirubin will arrive to the 
detector first followed by sodiated isoindigo and sodiated indigo. 
Table 3.2 Predicted collision cross sections (CCS) for sodiated indigo, sodiated isoindigo and 
sodiated indirubin  
Isomer Predicted CCS (Å2) 
Sodiated indigo 238.35 
Sodiated isoindigo 214.36 
Sodiated indirubin 213.69 
 
 
Compared to the calculated CCS values of protonated isomers, sodiated isomers show significant 
difference. However, these results can be verified by following DTIMS experiments. The 
calculations were obtained using N2 as the background gas. However, if the experiments are 
performed with a different background gas, the calculations need to be done with that 
corresponding gas before comparing with the experimental results.  
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3.3.2 Anthraquinone isomers 
3.3.2.1 Comparison of theoretical IR spectra of sodiated and lithiated anthraquinone 
isomers 
Previously, the IR spectra for different anthraquinone isomers were predicted for the 
protonated structure.57 In the present study, the IR spectra of alizarin, anthrarufin, and chryzarin 
are predicted when bound with various cations.  The lowest energy conformers of each sodiated 
isomers generated at B3LYP/6-31+G(d) level of theory are shown in Figure 3.11.  
 
Figure 3.11 Lowest energy conformers of (A) sodiated alizarin, (B) sodiated anthrarufin and 
(C) sodiated chrysazin at B3LYP/6-31+G(d) level of theory 
 
The predicted IR spectra of calculated lowest energy conformers for sodiated alizarin, 
sodiated anthrarufin, and sodiated chrysazin in both fingerprint and NH/OH stretching are shown 
in Figure 3.12. All the anthraquinone isomers have two C=O groups. Therefore C=O stretching 
can be used as a characteristic peak for differentiation of those isomers in fingerprint region. In 
sodiated alizarin, C=O stretching predicted at 1698 cm–1 and 1761 cm–1, sodiated anthrarufin 




    
Figure 3.12 Comparison of theoretical infrared spectra of sodiated (A) alizarin, (B) anthrarufin, 
and (C) chrysazin in fingerprint region, sodiated (D) alizarin, (E) anthrarufin, and 
(F) chrysazin in NH/OH stretching region at B3LYP/6-31+G(d) level of theory 
 
All three sodiated isomers showed distinct absorption bands in their IR spectra above 
2500 cm–1 in NH/OH stretching region. Sodiated alizarin (Figure 3.12 (D)) shows two prominent 
absorption peaks at around 2500 cm–1 and 3840 cm–1 for the two different OH stretching modes. 
This difference is because of the two different environments of the OH groups. OH group closer 
to the carbonyl moiety shows the high intense absorption band. Theoretical spectrum of sodiated 
anthrarufin (Figure 3.12 (E)) also predicted two different absorption bands for OH stretching 
vibrations. The stretching mode of the free OH group is predicted at 3350 cm–1 whereas the OH 
group interacting with sodium cation shows absorption at 3807 cm–1. Similarly, spectrum of 
sodiated chrysazin (Figure 3.12 (F)) also shows two different bands for OH stretching mode at 
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3806 cm–1 and 3450 cm–1. Presence of this characteristic OH bands may be useful in 
distinguishing these sodiated isomers in the NH/OH stretching region theoretically. 
 
 
Figure 3.13 Lowest energy conformers of (A) lithiated alizarin, (B) lithiated anthrarufin and 
(C) lithiated chrysazin at B3LYP/6-311++G(d,p) level of theory 
 
Figure 3.13 illustrates the structures of low energy conformers of lithiated isomers. Comparison 
of theoretical infrared spectra of lithiated anthraquinone isomers are shown in Figure 3.14 for 
both fingerprint and NH/OH stretching regions. Lithiated alizarin predicted two peaks for C=O 
stretching mode. One predicted at 1760 cm–1 and the other at 1684 cm–1. Lithiated anthrarufin 
also predicted two peaks at 1681 cm–1 and 1708 cm–1 for C=O stretching mode. Lithiated 




Figure 3.14  Comparison of theoretical infrared spectra of lithiated (A) alizarin, (B) 
anthrarufin, and (C) chrysazin in fingerprint region, lithiated (D) alizarin, (E) 
anthrarufin, and (F) chrysazin in NH/OH stretching region at B3LYP/6-31+G(d) 
level of theory 
 
As observed in spectra of sodiated species, spectra of lithiated isomers also show two 
different absorption bands for the two different OH groups present in each isomer. Given the 
differences in the absorption bands, it can be predicted that sodiated and lithiated isomers can be 
distinguished based on the characteristic OH absorption band. However, the position of the 
absorption bands of OH mode predicted in spectra of lithiated isomers are different than that of 
sodiated isomers. According to the calculated spectra, lithiated alizarin shows bands at 3857 cm–
1 and 3667 cm–1, lithiated anthrarufin at 3810 cm–1 and 3361 cm–1 and lithiated chrysazin at 3811 
cm–1 and 3507 cm–1 for OH stretching mode. 
According to the calculations, theoretical spectra of sodiated and lithiated isomers show 
similar patterns in both fingerprint and OH/NH stretching regions. However, both spectra of 
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lithiated and sodiated isomers show characteristic bands in both regions. Therefore, IRMPD 
spectroscopy experiments can be carried out to differentiate these isomers (sodiated or lithiated) 
either in fingerprint or NH/OH stretching region for further investigation. 
 
3.3.2.2 Comparison of theoretical collision cross sections of sodiated anthraquinone 
isomers 
Table 3.3 shows the calculated collision cross sections for lowest energy conformers of 
sodiated isomers of anthraquinone at B3LYP/6-311++(d,p) level of theory. The predicted CCS 
values for sodiated alizarin, sodiated anthrarufin and sodiated chrysazin are 179.36 Å2, 223.61 
Å2 and 224.45 Å2 respectively. All the calculations were done at 298K. According to those 
values, sodiated alizarin will arrive to the detector first followed by sodiated anthrarufin and 
sodiated chrysazin while performing DTIMS experiments.  
Experiment can be performed for the sodiated isomers to explore the separation in 
DTIMS study. Calculations were obtained with N2 as the background gas. Therefore, if the 
experiments are carried with different background gas, the calculations need to be done with that 
corresponding gas before comparing with the experimental results. 
 
Table 3.3 Predicted collision cross sections (CCS) for sodiated alizarin, sodiated anthrarufin 
and sodiated chrysazin 
Isomer Predicted CCS (Å2) 
Sodiated alizarin 179.36 
Sodiated anthrarufin 223.61 





Theoretical IR spectra for the protonated indigoid isomers and sodiated indigoid isomers 
were obtained at B3LYP/6-31++G(d,p) level of theory. The predicted spectra of protonated and 
sodiated structural indigoid isomers showed characteristic bands in fingerprint region. The 
predicted spectra show distinct absorption patterns in cis and trans isomers of all three indigoid 
isomers in both fingerprint and NH/OH stretching regions. Protonated cis and trans forms of 
indigoid isomers show difference in each of their calculated CCS values. However, CCS values 
of sodiated isomers show significant difference compared to the protonated isomers.  
Theoretical IR spectra of sodiated and lithiated anthraquinone isomers were predicted at 
B3LYP/6-31+G(d) method. Both IR spectra of sodiated and lithiated show different absorption 
patterns in both fingerprint and NH/OH stretching regions. Calculated CCS values show that 
sodiated alizarin will arrive to the detector first followed by sodiated anthrarufin and sodiated 
chrysazin while performing DTIMS experiments. However, IRMPD spectroscopy experiments 














ONGOING WORK AND CONCLUSIONS 
4.1 Ongoing work: Understanding the dissociation pathways of lithiated 
hydroxyproline isomers in the gas phase 
In the process of analyzing the IRMPD spectroscopy data, it was found that the IRMPD-
MS spectra exhibited interesting differences in dissociation patterns between lithiated cis3-
hydroxyproline and lithiated cis-4-hyroxyproline. Specifically, water loss can be seen in lithiated 
cis hydroxyproline isomer but not in lithiated cis-4-hydroxyproline. To understand the physical 
chemistry reason behind these observations, I, along with a lab mate, are performing 
computational chemistry studies to model the thermodynamic and kinetic of the dissociation 
pathways. These investigations are ongoing. 
4.2 Conclusions  
Infrared multiple photon dissociation spectroscopy and ion mobility mass spectrometry 
are two main mass spectrometry strategies which can be used to differentiate the isomers. In this 
study theoretical approach was used to predict the experimental results. In the second chapter, 
experimental IRMPD spectra of cis-3, cis-4 and trans-4 hydroxyproline were interpreted with 
theoretical IR spectra obtained with density functional theory. Gas phase structural information 
were obtained with the computational studies. Theoretical spectra of lithiated positional isomers 
(cis-3 and cis-4) show more difference compared to the spectra of protonated positional isomers 
in both experiment and theoretical studies. According to the calculations, both lithiated cis-3 and 
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cis-4 hydroxyproline preferred to form charged solvated conformer whereas lithiated  trans-
hydroxyproline form salt bridge conformer as the lowest energy structure.  
In chapter three, indigoid and anthraquinone dye isomers were studied with theoretical 
calculations. Theoretical IR spectra of protonated and sodiated indigoid showed characteristic 
bands (C=O stretching mode) in fingerprint region. Spectra of protonated stereoisomers (cis and 
trans) of indigoid dyes were presented in both fingerprint and OPO regions. Characteristic bands 
were obtained in both regions, C=O stretching band in fingerprint region and OH/NH bands in 
OPO region. Theoretical CCS values of sodiated indigoid isomers showed significant difference 
compared to CCS values of protonated isomers using N2 as background gas. Similar patterns of 
theoretical spectra were obtained for both sodiated and lithiated anthraquinone isomers. 
Calculated CCS of sodiated isomers showed notable differences in the presence of N2 as the 
background gas. IRMPD spectroscopy experiments and DTIMS studies can be carried out for 
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Coordinates of the optimized structures of lowest energy conformer of protonated cis indigo at 
B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C -3.985302 -1.734666 -0.060200 
C -5.212054 -1.069149 -0.035115 
C -5.310539 0.340627 0.031673 
C -4.170256 1.124238 0.066791 
C -2.919494 0.470393 0.033358 
C -1.590391 0.966836 0.022286 
C -0.692464 -0.189646 -0.020591 
N -1.500334 -1.326610 -0.006860 
C -2.838766 -0.944803 -0.019136 
H -4.222446 2.206623 0.113931 
H -6.290614 0.803899 0.053940 
H -6.124327 -1.657003 -0.063959 
H -3.936185 -2.817612 -0.102755 
C 3.982379 -1.722847 0.063275 
C 5.225691 -1.071130 0.043727 
C 5.335801 0.328195 -0.014404 
C 4.192695 1.125167 -0.051670 
C 2.946112 0.486606 -0.031301 
C 1.598682 1.015665 -0.041969 
C 0.685505 -0.195598 -0.003438 
N 1.494897 -1.293215 0.023110 
C 2.855522 -0.917137 0.023442 
H 4.254386 2.207622 -0.093375 
H 6.318037 0.787271 -0.029168 
H 6.129162 -1.672076 0.073342 
H 3.920073 -2.805310 0.105634 
O -1.268853 2.219993 0.056458 
O 1.222891 2.196441 -0.066105 
H -1.198164 -2.233779 -0.331326 
H -0.249908 2.351379 0.005423 












Coordinates of the optimized structures of lowest energy conformer of protonated trans indigo at 
B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C 3.922718 1.606947 -0.000244 
C 5.160376 0.984719 0.000200 
C 5.303259 -0.432744 0.000564 
C 4.198131 -1.253678 0.000533 
C 2.912653 -0.649770 0.000105 
C 1.599582 -1.149588 -0.000089 
C 0.696148 -0.044669 -0.000488 
N 1.464483 1.117703 -0.000782 
C 2.787739 0.781728 -0.000299 
H 4.314104 -2.333637 0.000688 
H 6.298947 -0.862185 0.000836 
H 6.056260 1.597619 0.000283 
H 3.833936 2.687999 -0.000525 
C -4.003043 -1.507209 -0.000178 
C -5.241748 -0.840731 0.000156 
C -5.330406 0.557285 0.000464 
C -4.172136 1.342279 0.000436 
C -2.938180 0.691015 0.000131 
C -1.566099 1.202572 -0.000025 
C -0.686446 -0.055284 -0.000463 
N -1.507647 -1.117404 -0.000551 
C -2.869893 -0.713219 -0.000140 
H -4.221758 2.426301 0.000651 
H -6.305236 1.032415 0.000731 
H -6.152303 -1.431369 0.000167 
H -3.951623 -2.591098 -0.000452 
O 1.130589 -2.406713 0.000039 
O -1.120014 2.338120 0.000284 
H 1.055252 2.044886 -0.000133 
H 1.843948 -3.062684 0.000704 












Coordinates of the optimized structures of lowest energy conformer of protonated cis isoindigo 
at B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C 2.592520 -1.416823 -0.445586 
C 3.986450 -1.480484 -0.562352 
C 4.790963 -0.357410 -0.348154 
C 4.221234 0.881582 -0.017231 
C 2.844225 0.919455 0.099307 
N 2.028622 2.037799 0.395695 
C 0.748263 1.698751 0.363156 
C 0.612083 0.275829 0.037685 
C 1.999980 -0.195056 -0.096914 
O -0.141113 2.592012 0.737701 
C -2.484757 1.335058 -0.671160 
C -3.863940 1.498201 -0.736886 
C -4.724132 0.462276 -0.327219 
C -4.228976 -0.769024 0.110572 
C -2.849159 -0.926862 0.171380 
N -2.124085 -2.065886 0.489989 
C -0.765850 -1.871490 0.305569 
C -0.607401 -0.377501 -0.007227 
C -1.950940 0.129507 -0.158728 
O 0.094638 -2.716846 0.432528 
H -4.901159 -1.577666 0.377408 
H -5.798023 0.609115 -0.383800 
H -4.280300 2.417522 -1.133601 
H -1.843086 2.106190 -1.088116 
H -2.510781 -2.982641 0.672021 
H 2.355021 2.955225 0.678663 
H -1.047976 2.233869 0.742660 
H 1.989711 -2.300384 -0.597124 
H 4.835465 1.763245 0.134175 
H 5.868762 -0.437786 -0.442093 













Coordinates of the optimized structures of lowest energy conformer of protonated trans isoindigo 
at B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C 2.592520 -1.416823 -0.445586 
C 3.986450 -1.480484 -0.562352 
C 4.790963 -0.357410 -0.348154 
C 4.221234 0.881582 -0.017231 
C 2.844225 0.919455 0.099307 
N 2.028622 2.037799 0.395695 
C 0.748263 1.698751 0.363156 
C 0.612083 0.275829 0.037685 
C 1.999980 -0.195056 -0.096914 
O -0.141113 2.592012 0.737701 
C -2.484757 1.335058 -0.671160 
C -3.863940 1.498201 -0.736886 
C -4.724132 0.462276 -0.327219 
C -4.228976 -0.769024 0.110572 
C -2.849159 -0.926862 0.171380 
N -2.124085 -2.065886 0.489989 
C -0.765850 -1.871490 0.305569 
C -0.607401 -0.377501 -0.007227 
C -1.950940 0.129507 -0.158728 
O 0.094638 -2.716846 0.432528 
H -4.901159 -1.577666 0.377408 
H -5.798023 0.609115 -0.383800 
H -4.280300 2.417522 -1.133601 
H -1.843086 2.106190 -1.088116 
H -2.510781 -2.982641 0.672021 
H 2.355021 2.955225 0.678663 
H -1.047976 2.233869 0.742660 
H 1.989711 -2.300384 -0.597124 
H 4.835465 1.763245 0.134175 
H 5.868762 -0.437786 -0.442093 













Coordinates of the optimized structures of lowest energy conformer of protonated cis indirubin at 
B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C -4.124170 0.736643 0.000142 
C -5.077435 -0.280411 0.000258 
C -4.678994 -1.627452 0.000195 
C -3.326848 -2.008435 0.000002 
C -2.392179 -0.986535 -0.000092 
N -0.983852 -1.069974 -0.000311 
C -0.407770 0.159936 -0.000266 
C -1.564554 1.160479 -0.000130 
C -2.772214 0.368546 -0.000029 
O -1.446935 2.394690 -0.000082 
H -3.042007 -3.055347 -0.000080 
H -5.438173 -2.403319 0.000280 
H -6.133506 -0.034675 0.000406 
H -4.408658 1.783692 0.000179 
C 2.244787 -1.869621 -0.000139 
C 3.531987 -2.414748 -0.000031 
C 4.664130 -1.591617 0.000156 
C 4.541584 -0.195630 0.000229 
C 3.258283 0.322981 0.000129 
N 2.857797 1.675597 0.000099 
C 1.524432 1.779475 -0.000024 
C 0.946197 0.432546 -0.000103 
C 2.093616 -0.476601 -0.000038 
O 0.959380 2.938336 -0.000056 
H 5.417132 0.445289 0.000344 
H 5.652853 -2.037908 0.000243 
H 3.653378 -3.492542 -0.000103 
H 1.398795 -2.548100 -0.000327 
H 3.471435 2.481451 0.000398 
H -0.075742 2.842709 -0.000124 












Coordinates of the optimized structures of lowest energy conformer of protonated trans indirubin 
at B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C 3.720815 -1.633059 0.000088 
C 4.980311 -1.022144 -0.000077 
C 5.094002 0.374041 -0.000229 
C 3.963385 1.210486 -0.000232 
C 2.729772 0.583318 -0.000107 
N 1.438325 1.172256 -0.000006 
C 0.451585 0.257090 -0.000001 
C 1.162505 -1.125121 0.000066 
C 2.595686 -0.809586 0.000041 
O 0.605029 -2.202714 0.000286 
H 4.066787 2.290778 -0.000310 
H 6.080019 0.827602 -0.000351 
H 5.876828 -1.632419 -0.000087 
H 3.613020 -2.712853 0.000214 
C -2.348445 -1.717369 0.000067 
C -3.669054 -2.176072 -0.000009 
C -4.757768 -1.294418 -0.000168 
C -4.553583 0.088202 -0.000268 
C -3.236444 0.523392 -0.000196 
N -2.767344 1.857991 -0.000004 
C -1.432266 1.862200 0.000262 
C -0.919179 0.527651 0.000209 
C -2.114635 -0.334709 -0.000043 
O -0.672565 2.959779 0.000339 
H -5.387174 0.783391 -0.000441 
H -5.770175 -1.683999 -0.000229 
H -3.851100 -3.245682 0.000076 
H -1.523574 -2.414369 0.000122 
H -3.365889 2.674755 -0.000418 
H -1.175548 3.789317 -0.000021 












Coordinates of the optimized structures of lowest energy conformer of sodiated indigo at B3LYP 
level with the basis set 6-31++G(d, p) 
 
1  1   
C 4.044879 1.480513 -0.000342 
C 5.322077 0.900675 -0.000032 
C 5.506141 -0.490506 0.000326 
C 4.403309 -1.347482 0.000363 
C 3.126351 -0.782722 0.000112 
C 1.791812 -1.389745 0.000059 
C 0.836072 -0.212346 -0.000271 
N 1.583306 0.924795 -0.000540 
C 2.957992 0.616472 -0.000228 
H 4.523281 -2.426145 0.000623 
H 6.511051 -0.898423 0.000559 
H 6.191532 1.550819 -0.000078 
H 3.922751 2.559043 -0.000645 
C -3.647024 -2.163996 0.000047 
C -4.932438 -1.635338 0.000057 
C -5.173546 -0.239703 -0.000015 
C -4.112506 0.649741 -0.000056 
C -2.797177 0.145467 -0.000021 
C -1.504949 0.782047 -0.000177 
C -0.530278 -0.311224 -0.000244 
N -1.225154 -1.514536 -0.000181 
C -2.575741 -1.261264 -0.000012 
H -4.299496 1.721044 -0.000043 
H -6.195094 0.124569 -0.000046 
H -5.779698 -2.314146 0.000108 
H -3.480969 -3.236209 0.000102 
O 1.436260 -2.562899 0.000282 
O -1.201693 2.020269 -0.000223 
H -0.758046 -2.413250 0.000175 
H 1.174048 1.848149 -0.000323 












Coordinates of the optimized structures of lowest energy conformer of sodiated isoindigo at 
B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C -2.871870 1.441481 -0.241509 
C -4.265723 1.421521 -0.353273 
C -4.976997 0.218958 -0.311822 
C -4.311324 -1.009215 -0.166343 
C -2.934928 -0.971011 -0.051765 
N -2.050147 -2.060052 0.080113 
C -0.762491 -1.651366 0.132893 
C -0.768249 -0.141018 -0.023164 
C -2.182671 0.228561 -0.077663 
O 0.197677 -2.404351 0.382035 
H -4.859289 -1.945818 -0.149719 
H -6.058887 0.227862 -0.397492 
H -4.800756 2.358006 -0.468832 
H -2.332698 2.377441 -0.257317 
C 2.377958 -0.881362 -0.923505 
C 3.769332 -0.924748 -1.072085 
C 4.568859 0.133994 -0.603913 
C 3.992322 1.268281 -0.028686 
C 2.604694 1.301672 0.107944 
N 1.808030 2.345985 0.546922 
C 0.454007 2.063104 0.392331 
C 0.386641 0.603923 -0.028563 
C 1.777779 0.207895 -0.263531 
O -0.443276 2.848598 0.631200 
H 4.605335 2.109860 0.277429 
H 5.645943 0.090616 -0.730439 
H 4.229835 -1.750324 -1.606691 
H 1.761593 -1.664196 -1.353590 
H 2.127515 3.274952 0.786543 
H -2.320220 -3.022980 0.230412 












Coordinates of the optimized structures of lowest energy conformer of sodiated indirubin at 
B3LYP level with the basis set 6-31++G(d, p) 
 
1  1   
C 3.710617 -1.548528 -0.047533 
C 4.989409 -1.003239 -0.062718 
C 5.163881 0.394639 -0.100335 
C 4.083105 1.283593 -0.126972 
C 2.807559 0.729488 -0.115936 
N 1.569520 1.370450 -0.139549 
C 0.547992 0.459141 -0.147251 
C 1.191188 -0.911108 -0.051585 
C 2.614445 -0.671600 -0.077112 
O 0.574884 -1.981241 0.116076 
H 4.240026 2.356615 -0.154904 
H 6.171485 0.799024 -0.109204 
H 5.859331 -1.650447 -0.045751 
H 3.553761 -2.622071 -0.021081 
C -2.326477 -1.264511 -0.720773 
C -3.662884 -1.684706 -0.751390 
C -4.689108 -0.824403 -0.329894 
C -4.409269 0.483633 0.079105 
C -3.080037 0.896315 0.098191 
N -2.565718 2.159579 0.379043 
C -1.193859 2.197057 0.187570 
C -0.783744 0.789720 -0.120603 
C -2.011559 0.018862 -0.237502 
O -0.472578 3.182967 0.294387 
H -5.211121 1.162759 0.350703 
H -5.719928 -1.162043 -0.360736 
H -3.913831 -2.660919 -1.155660 
H -1.545694 -1.883816 -1.154898 
H 1.388564 2.369870 -0.100979 
H -3.109003 2.992156 0.563062 





















































Coordinates of the optimized structures of lowest energy conformer of sodiated alizarin at 
B3LYP level with the basis set 6-311++G(d, p) 
 
1  1 
C  1.85276100  -0.22202900  -0.00006500 
C  2.75134900  0.84899000  0.00046700 
C  2.28874200  2.15447100  -0.00000600 
C  0.92017400  2.41254200  -0.00020200 
C  0.01273500  1.36297300  -0.00008500 
C  0.47537500  0.03652700  -0.00002700 
C  -0.45018200  -1.10324100  0.00002100 
C  -1.88962900  -0.84146400  0.00006500 
C  -2.37372000  0.48160600  -0.00002600 
C  -1.45147900  1.64953200  -0.00010500 
C  -3.74738800  0.70836400  -0.00001300 
C  -4.63129400  -0.36503400  0.00007900 
C  -4.15157500  -1.67462500  0.00018000 
C  -2.78490300  -1.91487200  0.00018500 
H  -2.39405300  -2.92576100  0.00025200 
H  -4.84649200  -2.50705100  0.00026800 
H  -5.70029000  -0.18141700  0.00008900 
H  -4.10415900  1.73206100  -0.00008200 
O  0.00712600  -2.26120200  0.00007800 
H  0.54575500  3.42941500  -0.00041400 
H  2.99620900  2.97953000  0.00009600 
O  4.09273700  0.51782600  0.00057000 
O  2.32872200  -1.48900900  -0.00057300 
O  -1.86083700  2.79221000  -0.00025500 
Na  4.53978900  -1.76915700  -0.00026700 
H  1.47127200  -2.06719200  -0.00017600 















Coordinates of the optimized structures of lowest energy conformer of sodiated anthrarufin at 
B3LYP level with the basis set 6-311++G(d, p) 
 
1   1 
C  3.13910  0.17642  -0.00018 
C  3.79908  -1.06659  -0.00058 
C  3.07242  -2.23887  -0.00057 
C  1.67357  -2.21898  -0.00018 
C  1.00180  -1.00474  0.00006 
C  1.72627  0.20874  0.00009 
C  1.03745  1.48434  0.00042 
C  -0.45340  1.48889  0.00023 
C  -1.19091  0.28033  0.00015 
C  -0.47196  -1.00910  0.00050 
C  -2.59645  0.38736  -0.00040 
C  -3.21559  1.63417  -0.00086 
C  -2.46611  2.79906  -0.00033 
C  -1.07957  2.72701  0.00018 
H  -0.46429  3.61843  0.00044 
H  -2.96725  3.76044 -0.00034 
H  -4.30183  1.69161 -0.00134 
O  1.64936  2.55492  0.00073 
H  1.10688  -3.14096  -0.00009 
H  3.59467  -3.18941  -0.00082 
H  4.88314  -1.06908  -0.00082 
O  3.87909  1.27273  -0.00016 
O  -1.07841  -2.08780  0.00107 
Na  -2.99633  -3.02717  0.00012 
H  3.26741  2.04809  0.00011 
O  -3.41166  -0.72800  -0.00030 
















Coordinates of the optimized structures of lowest energy conformer of sodiated chryzarin at 
B3LYP level with the basis set 6-311++G(d, p) 
 
1  1 
C  2.40785  -1.24640  -0.00293 
C  3.73418  -0.78937  -0.00339 
C  4.00333  0.56221  -0.00153 
C  2.96211  1.49968  0.00077 
C  1.65126  1.06842  0.00089 
C  1.33410  -0.31423  -0.00109 
C  -0.03791  -0.77474  -0.00049 
C  -1.14138  0.20339  -0.00140 
C  -0.84028  1.58734  0.00147 
C  0.57254  2.07983  0.00368 
C  -1.83478  2.55407  0.00136 
C  -3.16956  2.17516  -0.00182 
C  -3.49744  0.82969  -0.00465 
C  -2.50779  -0.14850  -0.00433 
O  -2.92869  -1.46614  -0.00739 
H  -4.54303  0.52939  -0.00699 
H  -3.95603  2.92134  -0.00205 
H  -1.53768  3.59588  0.00358 
O  -0.27852  -2.01356  0.00082 
H  3.16060  2.56469  0.00257 
H  5.03314  0.90280  -0.00176 
H  4.52649  -1.52892  -0.00507 
O  2.21669  -2.56249  -0.00449 
O  0.80779  3.27044  0.00721 
H  -3.89345  -1.44302  -0.01470 
Na  -1.85366  -3.49024  0.01267 













Coordinates of the optimized structures of lowest energy conformer of lithiated alizarin at 
B3LYP level with the basis set 6-311++G(d, p) 
 
1  1 
C  -2.15458  -0.60959  0.00001 
C  -3.18276  0.34269  0.00047 
C  -2.89146  1.69613  0.00053 
C  -1.56378  2.10323  0.00002 
C  -0.53511  1.17235  -0.00025 
C  -0.81103  -0.21547  -0.00024 
C  0.29995  -1.18548  -0.00054 
C  1.67814  -0.69210  -0.00002 
C  1.95924  0.68632  -0.00012 
C  0.86493  1.68651  -0.00055 
C  3.27973  1.12423  0.00022 
C  4.31883  0.20018  0.00072 
C  4.04487  -1.16763  0.00086 
C  2.73191  -1.61392  0.00045 
H  2.50649  -2.67331  0.00053 
H  4.85895  -1.88383  0.00128 
H  5.34690  0.54588  0.00100 
H  3.47217  2.19105  0.00009 
O  0.08397  -2.41093  -0.00121 
H  -1.30394  3.15537  -0.00005 
H  -3.69421  2.42718  0.00098 
O  -4.42703  -0.19995  0.00128 
O  -2.56553  -1.92584  -0.00005 
O  1.08793  2.87959  -0.00105 
H  -5.12246  0.46587  -0.00248 
H  -3.53900  -1.90765  0.00055 

















Coordinates of the optimized structures of lowest energy conformer of lithiated anthrarufin at 
B3LYP level with the basis set 6-311++G(d, p) 
 
1  1 
C  2.76186  0.39260  0.00002 
C  3.63511  -0.68746  0.00001 
C  3.14579  -1.98472  -0.00003 
C  1.77497  -2.20801  -0.00006 
C  0.89939  -1.13185  0.00001 
C  1.36614  0.20391  0.00009 
C  0.39660  1.31299  0.00005 
C  -1.03743  1.01123  -0.00004 
C -1.49565  -0.32745  -0.00001 
C  -0.56066  -1.43520  -0.00000 
C  -2.88411  -0.58469  0.00000 
C  -3.78560  0.49825  0.00001 
C  -3.31715  1.79510  -0.00003 
C  -1.94400  2.06350  -0.00005 
H  -4.02358  2.61785  -0.00003 
O  0.77273  2.49997  0.00006 
H  1.36364  -3.21016  -0.00014 
H  3.83832  -2.81882  -0.00002 
H  4.70844  -0.51324  0.00004 
O  3.31423  1.66589  -0.00000 
O  -0.93760  -2.60841  -0.00002 
H  4.27496  1.57230  0.00024 
O  -3.38631  -1.80696  0.00004 
H  -2.63300  -2.44479  0.00006 
H  -1.57915  3.08248  -0.00007 
H  -4.84701  0.27731  0.00006 
















Coordinates of the optimized structures of lowest energy conformer of lithiated chryzarin at 
B3LYP level with the basis set 6-311++G(d, p) 
 
1  1 
C  -2.50633  1.06845  -0.00042 
C  -3.73524  0.38932  -0.00246 
C  -3.76828  -0.98708  -0.00294 
C  -2.58093  -1.73480  -0.00139 
C  -1.36370  -1.08853  0.00031 
C  -1.28788  0.33082  0.00066 
C  -0.01883  1.00849 0.00205 
C  1.23446  0.23592  0.00056 
C  1.17960  -1.17802  0.00116 
C  -0.12881  -1.90352  0.00223 
C  2.32976  -1.95336  0.00036 
C  3.57741  -1.34505  -0.00136 
C  3.66638  0.03822  -0.00229 
C  2.51813  0.81873  -0.00134 
O  2.68880  2.19761  -0.00261 
H  4.64215  0.51845  -0.00362 
H  4.48241  -1.94188  -0.00200 
H  2.22223  -3.03150  0.00097 
O  0.01185  2.27783  0.00363 
H  -2.59731  -2.81810  -0.00140 
H  -4.72447  -1.49914  -0.00446 
H  -4.64224  0.98259  -0.00350 
O  -2.55127  2.39451  0.00023 
O  -0.15746  -3.11613  0.00294 
H  -1.62656  2.71437  0.00198 
H  3.63696  2.37776  -0.00761 
 
